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PREFACE 

T h i s   r e p o r t   c o v e r s   o n e   a s p e c t  of a p r o j e c t   b e i n g   c a r r i e d   o u t   u n d e r  

NASA G r a n t  NsG-609 a s   a n   i n t e r d i s c i p l i n a r y   a c t i v i t y   i n   t h e   D e p a r t m e n t s  

o f   P h y s i c s   a n d   C h e m i s t r y   a t  Oklahoma S t a t e   U n i v e r s i t y .   T h e   p r o j e c t  is  

e n t i t l e d   " S u r f a c e   P a r a m e t e r s   o f   S o l i d s "   a n d   h a s   a s  i t s  p r i n c i p a l   r e s e a r c h  

p u r p o s e   a n   i n v e s t i g a t i o n   o f   t h e   f e a s i b i l i t y   o f   e m p l o y i n g   s e v e r a l   n o n -  

t r a d i t i o n a l   e x p e r i m e n t a l   t e c h n i q u e s   t o   p r o v i d e  new i n s i g h t   i n t o   t h e   n a t u r e  

o f   s o l i d   s u r f a c e s .   P r i n c i p a l   i n v e s t i g a t o r s   a r e  D r .  E .   E .  Kohnke, 

Depa r tmen t   o f   Phys ic s   and  D r . ,  C .  M. Cunningham,  Department of Chemistry.  

G r a d u a t e   s t u d e n t s   f r o m   b o t h   d e p a r t m e n t s   a r e   i n v o l v e d   i n   t h e   t o t a l   l a b o -  

r a t o r y   p r o g r a m .  
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ABSTRACT 

A p r e l i m i n a r y   s t u d y   h a s   b e e n  made o f   s t a n n i c   o x i d e   c e r a m i c   b o d i e s .  

A r e a s   c o n s i d e r e d   w e r e  (1) d e v e l o p m e n t   o f   f a b r i c a t i o n   t e c h n i q u e s ,  

(2)  e v a l u a t i o n   o f   s e v e r a l   o p t i c a l   a n d   e l e c t r i c a l   m e a s u r e m e n t s   t h a t   m i g h t  

b e   u s e f u l   i n   c h a r a c t e r i z i n g   b a s i c   m a t e r i a l   p a r a m e t e r s ,   a n d  (3)  c o r r e l a t i o n  

o f   t h e s e   p a r a m e t e r s   w i t h   b u l k   a n d   s u r f a c e   e f f e c t s   p r e v i o u s l y   f o u n d   i n  

grown s t a n n i c   o x i d e   c r y s t a l s .  In a d d i t i o n   t o   p r o d u c i n g  a  method f o r  

f a b r i c a t i n g   s t a n n i c   o x i d e   c e r a m i c   s p e c i m e n s ,   t h i s   s u r v e y   i d e n t i f i e d  

s e v e r a l   e x p e r i m e n t a l   m e t h o d s   t h a t   a p p e a r   t o   b e   p a r t i c u l a r l y   a p p r o p r i a t e  

f o r   u s e   i n   p r o b i n g   b a s i c   s u r f a c e   a n d   b u l k   m a t e r i a l   p r o p e r t i e s .  One 

s p e c i a l   c l a s s   o f   m e a s u r e m e n t s   ( a   s t u d y  of i m p e r f e c t i o n   p r o p e r t i e s   u s i n g  

p h o t o e l e c t r o n i c   t e c h n i q u e s )  was  shown t o   b e   e x c e p t i o n a l l y   p r o m i s i n g   f o r  

t h i s   p u r p o s e .   S u g g e s t i o n s  f o r  q u a n t i t a t i v e   s t u d i e s   a r e   g i v e n .  
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CHAPTER I 

INTRODUCTION 

In r e c e n t   y e a r s   t h e r e   h a v e   b e e n  many s t u d i e s   o f   t h e   e l e c t r i c a l   a n d  

o p t i c a l   p r o p e r t i e s  of m e t a l   o x i d e s   i n   c r y s t a l l i n e ,   t h i n   f i l m ,  and 

p r e s s e d  powder   fo rms .   Ex tens ive   work   has   been   done   a t  Oklahoma S t a t e  

U n i v e r s i t y  on b o t h   n a t u r a l   a n d   a r t i f i c i . a l   s t a n . n . i c   o x i d e   c r y s t a l s   ( 1 ' )  

a n d   t h i s   i n v e s t i g a t i o n  i s  p r e s e n t l y   b e i n g   e x t e n d e d   t o   i . n c l u d e   s t a n n i c  

o x i d e   i n   c e r a m i c   f o r m .  The a d a p t a b i l i t y   o f   c e r a m i c s   t o   s i z i n g   a n d  

s h a p i n g   a n d   t h e i r   h i g h   s u r f a c e   a r e a  make t h e m   p a r t i c u l a r l y   s u i t a b l e   f o r  

t h e   i n v e s t i g a t i o n   o f   s u r f a c e  phenomena  and p o s s i b i l i t i e s   f o r   c o r r e l a t i o n  

w i t h   b u l k   e l e c t r i c a l   m e a s u r e m e n t s   i n   s t a n n i c   o x i d e   a r e   m o s t   p r o m i s i n g  

s i n c e   h i g h   q u a l i t y   s y n t h e t i c   c r y s t a l s   o f   t h i s   m a t e r i a l   c a n   b e   p r o d u c e d  

l o c a l l y  ( 2 ) .  

The pu rpose  of  t h e   f o l l o w i n g   r e p o r t  i s  t o   g i v e   t h e   r e s u ' l t s   o b t a i . n e d  

in a p r e l i m i n a r y   s t u d y   o f   t h e s e   c e r a m i c s   w h i c h  was u n d e r t a k e n   t o   d e v e i o p  

s a m p l e   p r e p a r a t i o n   t e c h n i q u e s   a n d   t o   e v a l u a t e  a number o f   e x p e r i m e n t a l  

m e t h o d s   a s   t o   t h e i r   p e r t i n e n c e   a n d   u t i l i t y   i n   c h a r a c t e r f z i n g   b a s i . c   p a r a n -  

e t e r s .  A r e c e n . t   a c c o u n t   o f   c e r t a i n .   s t a n n i c   o x i . d e   c e r a m i . c   b u l k   p r o p e r t i e s  

has   been   g iven   by   Loch  ( 3 )  a n d   a n   i n t e r e s t i n g   e x a m p l e   o f   r e l a t e d  work 

i s  provided  by  Lewis  ( 4 )  who h a s   b e e n   s t u d y i n g   t h e   b e h a v i o r  of cadmi.um 

t e l l u r i d e   i n   c e r a m i c   f o r m  and  comparing i t  w i t h   b u l k   c r y s t a l   r e s u l t s .  

As m i g h t   b e   e x p e c t e d ,   t h e   f i r s t   m a j o r   p r o b l e m   e n c o u n t e r e d  i n  pro-  

d u c i n g   s u i t a b l e   c e r a m i . c   s p e c i . m e n s  was t o   d e v e l o p   f o r m i n g   t e c h n i q u e s   a n d  
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de te rmine   op t imum  f i r i ng   cond i t ions   fo r   bo th   "pu re"   ( composed   o f   r eagen t -  

grade  powder)   and  "doped"  (containing  added  impurt t ies)   s tannic   oxi .de 

bodies .   Al though  these  measurements  were e s s e n t i a l l y   e x p l o r a t o r y   f n  

n a t u r e ,   t h e y   d i d   b r i n g  t o  l i g h t  some i n t e r e s t i n g  and i m p o r t a n t   b a s i c  

problems  involv ing   ceramics .  They w i l l  b e   d e s c r i b e d   i n   C h a p t e r s  11: 

and V. 

The f i r s t   s e t  of e l e c t r i c a l   m e a s u r e m e n t s  made on   these   samples  

d e t e r m i n e d   t h e i r   c a p a c i t a n c e   a n d   r e s i s t a n c e   a s  a func t i . on  of  f r equency .  

It was  hoped tha t   t hese   measu remen t s   migh t   p rove   u se fu l  fcr p rob ing  

d i f f e r e n c e s   b e t w e e n   t h e   p h y s i c a l   c h a r a c t e r i . s t i c s  of  c e r a m i c s   a n d   s i n g l e  

c r y s t a l s .  An a n a l y t i c a l   a n a l y s i s  i s  suggested  by A .  Von Hippel (5) 

and w i l l  b e   d i s c u s s e d   f a r t h e r   i n   C h a p t e r  111. 

The  most s i g n i f i c a n t  and p o t e n t i a l l y  i.mportan-t  measurements made 

on  these  samples   were  the  conductance  measurements .  111-1 a d d i t i o n   t o  

de te rmina t ions   o f   the   "dark"   conductance   t empera ture   dependence  in. a 

range  from  -150 C t o  200 C ,  s e v e r a l   p r o c e d u r e s   w h i c h   a r e   p a r t  o f  a 

group  of   exper imenta l   t echni .ques   ident i . f i . ed  i.n t h e  l i .  t e r a t u r e   a s  a 

"pho toe lec t ron ic   ana lys i s "*   were   app l i ed   t o   s e l ec t ed   spec imens .  Quan.- 

t i t i e s  measu red   were   spec t r a l   r e sponse ,   pho toconduc tance   decay   t r ans i . en t s ,  

t h e r m a l l y   s t i m u l a t e d   c u r r e n t s ,  and  thermal   quenching.  A desc r i . p t i . on  

o f   t hese   expe r imen t s  and the  conclusions  drawn  f rom  them wi . i j  be  d i s .  

c u s s e d   i n   C h a p t e r s  I V  and V. 

0 0 

Wee,   fo r   example ,  Bube, R. H.,  Photoconduct i .vi ty  of So l ids ,   John  
Wiley  and  Sons, New York  (1960). 

" 
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CHAPTER I1 

PREPARATION AND DESCRIPTION OF SAMPLES 

S i n c e   l i t e r a t u r e   c o n c e r n i n g   t h e   p r e p a r a t i o n  of  s t a n n i c   o x i d e  

ce ramics  i s  ex t r eme ly   ske t chy ,  much o f   t h e   a c t u a l   p r e p a r a t i o n   o f   s u i t -  

ab l e   s amples  was s imply a t r i a l  and   e r ro r   p rocedure .  The problem 

d i v i d e d   i t s e l f   i n t o  two m a i n   p a r t s :   f o r m i n g   t h e   s t a n n i c   o x i d e  p e l l e t s  

a n d   d e t e r m i n i n g   c o r r e c t   f i r i n g   o r   m a t u r i n g   c o n d i t i o n s .  

Forming  Process  

The equipment   used   for   the   formi .ng   of   the   pe l le t s   con ,s i . s ted  of  

a hydrau l i c   Ca rve r   Labora to ry   P res s   capab le  o f  exe r t i . ng   fo rces   f rom 

1,000 t o  24,000 l b s  and a powder  compression  chamber made by t h e   d e p a r t -  

m e n t a l   s h o p .   U s i n g   t h i s   p a r t i c u l a r   p r e s s  and  di .e  arrangement,   the 

powder c o u l d   b e   s u b j e c t e d   t o   p r e s s u r e s  o f  5 ,000  t o  120,000 psi.. I n  

the  compression,  i t  was f o u n d   t h a t   t h e  powder s t u c k   t o   t h e   f a c e s  of t h e  

d i e   c a u s i n g   i . r r e g u l a r i t i e s   i n   b o t h   t h e   s u r f a c e s  and t h e   b u l k  of t h e  

p e l l e t s .  To r e d u c e   t h i s ,   t h e   f a c e s   o f   t h e   d i . e   w e r e  gr0un.d  and p o l i s h e d  

a s   f l a t  and   smoo th   a s   poss ib l e   u s ing  number 600 g r i t   p a p e r  and  crocus 

c l o t h ,  and  they were tho rough ly   c l eaned   be fo re   each   compress ion  of  

powder. 

A l l  r anges   o f   p ressures   f rom  hand   tampi .ng   to  100,000 p s i  were  t r i .ed 

t o   e l i m i n a t e   i . n . t e r n a 1   f a u l t s   i n   t h e   r e s u l t a n t   s a m p l e s .  The lower pres- 

s u r e s   l e f t   t h e   s a m p l e s   t o o   f r a g i . l e ,  and the   h i .gher   p ressures   p roduced  

3 



l a r g e   c r a c k s  i n  t h e   i n t e r i o r .   A f t e r  many t r i a l s  i t  was  found t h a t  

p r e s s u r e s   f r o m  10,000 t o  15,000 p s i   p r o d u c e d   t h e   b e s t   s a m p l e s ,   a l t h o u g h  

t h e r e  s t i l l  remained  the  problem of  s m a l l   d e f e c t s   a l o n g   t h e   o u t e r   e d g e s  

of t h e   p e l l e t s .   S u c h   d e f e c t s   w e r e   p r o b a b l y   c a u s e d   b y  a s l i g h t   b i t  o f  

p l a y   i n   t h e  powder p r e s s ;   b u t   s u i t a b l e   s a m p l e s   w e r e   r e a d i . 1 ~   o b t a i n e d  by 

s o r t i n g   t h e   p r e s s e d   p e l l e t s .  

The f i n a l  method  of   prepari .ng  samples   for   heat   t reatment  may be 

o u t l i n e d   a s   f o l l o w s :  

( a )  Mix s t a n n i c   o x i d e  powder i n  a n   a c e t o n e   s l u r r y ,   s t i r r i n g   c o n -  

t i n u o u s l y   u n t i l  gummy. 

( b )  Dry t h i s   m i x t u r e   i n   a i r   a t  room t e m p e r a t u r e   f o r  24 hours .  

( c )   P r e s s   t h e   r e s i d u e   i n   s m a l l   p e l l e t s   u s i n g   p r e s s u r e s   f r o m  10,000 

t o  15,000 p s i .  

This   p rocedure   gave   pe l le t s   tha t   were   ex t remely   cohes ive   and   had   dens i . -  

t i e s   o f   a b o u t  4 gm/cc r e a d y   f o r   f i r i n g .  

S i n c e   t h i s   i n v e s t i g a t i o n  was n o t   l i m i t e d   t o   p u r e   s t a n n i c   o x i d e  

ce ramics   bu t  was extended  to   doped  samples ,  a descr i .pt i .on of  d0pi.n.g 

t echn iques  i s  needed. The s t a n n i c   o x i d e  powder  and t h e  powder t o   b e  

used in   the   doping   were   carefu l ly   weighed   and   then   the   d ry   powders   were  

mixed   t ho rough ly .   Because   t h i s   d idn ' t   a s su re   un i fo rmi ty ,   t he   compos i t e  

powder was mixed wi th   ace tone   fo rming  a s l u r r y  and  put  i .n a sea led   con- ,  

t a i n e r .   T h i s   c o n t a i n e r  was p laced   on  a r e c i p r o c a t i n g   " s h a k e r "   f o r   a b o u t  

two d a y s   a n d   t h e n   t h e   a b o v e   p r o c e d u r e   s t a r t i . n g   a t  ( b )  was fo l lowed .  

F i r i n g   P r o c e s s  

The next   major   problem was t h e   c o r r e c t   f i r i n g   o r   m a t u r i n g   p r o c e s s .  

When f a b r i c a t i n g   s a m p l e s   t o   b e   u s e d   f o r   o p t i . c a 1   a n d   e l e c t r i c a i  

4 



measurements, i t  i s  d e s i r a b l e   t o   o b t a i n   a s   h i g h   d e n s i . t y   s a m p l e s   a s  

poss ib l e   t o   min imize   p rob lems  of h a n d l i n g ,   s h a p i n g ,   e t c .  The t h e o r e t i -  

c a l   d e n s i t y   o f   r u t i l e - s t r u c t u r e  SnO u s i n g   l a t t i c e   c o n s t a n t s  a = 4.72 8 
2' 

and c = 3.16 2 (6)   and   the   a tomic  mass of  two SnO molecules ,  i.s 7 . 1 1  

gm/cc. A t y p i c a l   s i n g l e   c r y s t a l  grown i n   t h e   l a b  was found  to  have a 

dens i ty   o f   7 .02  f 0.12 gm/cc,  which i s  i n   e x c e l l e n t   a g r e e m e n t   w i t h   t h e  

c a l c u l a t e d   t h e o r e t i c a l   d e n s i t y ,   w h i l e  a n a t u r a l   c a s s i t e r i t e   c r y s t a l .  

f rom  Bolivia   might   have a d e n s i t y   a s  low as  6.62  gm/cc. One would l i k e  

t o   h a v e   d e n s i t i e s   o f   t h e   f i r e d   c e r a m i c s   a s   c l o s e   t o   t h e s e   n u m b e r s   a s  

2 

p o s s i b l e .  

When f i r i n g  a c e r a m i c   t h e r e   a r e   f o u r   m a i n   v a r i a b l e s   t h a t   c a n   d e t e r -  

mine the   ma tu r i ty   o f   t he   s ample :  (1) amount  and  ki.nd  of  impurity i n   t h e  

powder ,   (2 )   p rocedure   o f   hea t   t r ea tmen t   be fo re   and   a f t e r   t he  maxi.mum 

f i r i n g   t e m p e r a t u r e  i s  r eached ,  ( 3 )  maximum f i r i n g   t e m p e r a t u r e ,  and ( 4 ' )  

t i m e   a t  maximum f i r i n g   t e m p e r a t u r e .   F i g u r e  1 shows t h e   r e l a t i . o n s h i p  of 

r e l a t i v e   d e n s i t y   ( t h e   r a t i o   o f   t h e   m e a s u r e d   d e n s i . t y   t o   t h e   t h e o r e t i c a l  

d e n s i . t y )   t o   f i r i n g   t i m e   f o r  a f i x e d   f i r i . n g   t e m p e r a t u r e   o f  1246 C. 

F i g u r e  2 shows t h e   r e 1 a t i o n s h i . p   o f   r e l a t i v e   d e n s i t y   t o   f i r i . n g   t e m p e r a t u r e  

f o r  a f i x e d   f i r i n g  time of  4 hours .  From F i g u r e s  1 and 2 ,  optimum  fi.ri.ng 

c o n d i t i o n s   i n  terms o f   l e a s t  t i m e  and tempera ture   €or   the   z inc-doped  

s a m p l e s   c a n   b e   s e t   a t  1350° C f o r  25 hour s .  However, there   seems tc. be 

no s i g n i f i c a n t   d e p e n d e n c e  of d e n s i t y   o n   f i r i n g   t i m e   o r   t e m p e r a t u r e   f o r  

t h e   p u r e   r e a g e n t - g r a d e   s a m p l e s   i n   t h e   r a n g e s   s t u d i e d .  An extens i .on   c f  

the   t ime  range   has   been  made by   Pe te r son  ( 7 )  who f i r e d  a sampie   for  1,000 

h o u r s ,   b u t   h e   a c h i e v e d  no s i g n i f i c a n t   i n c r e a s e   i n   d e n s i . t y   o v e r   s a m p i e s  

f i . r ed   t o   t he  same t e m p e r a t u r e   f o r   l e s s  ti.me. An extensi .on of  the  temper,- 

a tu re   r ange   by  Goodman and  Gregg (8) shows s i g n i f i c a n t   d e n s i . f i . c a t i . o n  of 

0 
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pure  SnO powder a t  1600' C. C o n f i r m a t i o n   o f   t h i s   r e s u l t  w i l l  be 

sought  i n   t h e   n e a r   f u t u r e  when i n s t a l l a t i o n   o f  a g a s   f i r e d   f u r n a c e  i s  

comple ted .   This   equipment   should   mater ia l ly   ex tend   the   t empera ture  

r ange  now a v a i l a b l e   w i t h   a n   o r d i n a r y   g l o b a r   m u f f l e   f u r n a c e .   S c a t t e r e d  

measurements made on   p rope r t i e s   o f   comparab le  low d e n s i t y   p u r e  SnO 

ceramics   have   a l so   been   repor ted   by   Lindner   and   Enquis t  (9)  and Nomura 

2 

2 

(10) .  

Cleaning  and  Lapping  Techniques 

Af t e r   t he   s amples   had   been   p repa red   and   f i r ed ,   t hey   had   t o   be  

thoroughly  c leaned  before   making  measurements .  This n e c e s s a r i l y   e n -  

t a i l e d   g r i n d i n g   t h e   s u r f a c e s   t o  remove  any  impuri ty   introduced  f rom  the 

su r round ings   i n   wh ich   t hey   were   f i r ed .   Fo l lowing  much t r i a l  and e r r o r  

e x p e r i e n c e   w i t h   d i f f e r e n t   p r o c e d u r e s ,  a method  was e s t a b l i s h e d   f o r   b o t h  

s e l e c t i n g  good  samples   and  c leaning  them  thoroughly.   After   samples  

were   removed  f rom  the   furnace   they   were   v i sua l ly   inspec ted   for   any  

gross   f laws   and   those   tha t   had   none   were   p laced . in  a Hoffman  lapping 

machine,  two a t  a t ime.  These  were  lapped  using a mixture   o f  M303 

C e n t r i f o r c e   A b r a s i v e  and a s i l i c o n e  o i l  a s   t h e   g r i n d i n g  compound. This  

s i z e   a b r a s i v e  i s  commonly u s e d   f o r   f i n e   f i n i s h i n g ;   t h e r e f o r e ,   t h e   m i . x t u r e  

ground away t h e   s u r f a c e s   s l o w l y   1 e a v i . n g   t h e m   f l a t  and p a r a l l e l   i n   o n e  

o p e r a t i o n .  The s a m p l e s   w e r e   f i r s t   l a p p e d   f o r  a s h o r t   p e r i o d   o f  time 

and t h e n   r o u g h l y   c l e a n e d   i n   c a r b o n   t e t r a c h l o r i d e   u s i . n g   a n   u l t r a s o n i c  

c l eane r .   Subsequen t ly ,   t hey   were   i n spec ted   unde r  a bi .nocular   microscope 

f o r   s u r f a c e   f l a w s .   I f  none  were v i s i b l e   t h e   s p e c i m e n  was s e t  a s i d e ;  

o t h e r w i s e  i t  was pu t   back   i n   t he   l app ing   mach ine .  By c o n t i n u i n g   t h i s  

p rocess   t he   s amples  were s o r t e d   u n t i l  a f ew  supe r io r   ones   cou ld   be  
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chosen.  These were t h o r o u g h l y   c l e a n e d   i n   c a r b o n   t e t r a c h l o r i d e   w h i c h  

removed n e a r l y   a l l   t h e   v i s i b l e   p a r t   o f   t h e   a b r a s i v e   m i x t u r e .   F i n a l l y ,  

t h e y  were h e a t e d   t o  850' C fo r   12   hour s   t o   comple t e ly   d ry   t hem  and   t o  

remove t h e   r e s t  of t h e   r e s i d u e   a b r a s i v e   m i x t u r e   f r o m   t h e   s u r f a c e .  

Color  and  Size  of  Samples 

The se l ec t ed   s amples   t hen   had   ex t r eme ly   c l ean ,   un i fo rm  su r faces  

s u g g e s t i n g  a u n i f o r m   b u l k   d e n s i t y .  The c o l o r   o f   t h e   i n d i v i d u a l  sample 

appeared   to   be   dependent  on t h e   f i r i n g   t e m p e r a t u r e .  It was  found t h a t  

pure  samples   heated  above a t empera tu re  somewhere  between 1380 C t o  

1460' C tu rned  a p ink   co lo r   wh ich  was un i fo rm  th roughou t   t he   bu lk   wh i l e  

s amples   f i r ed   be low  th i s   t empera tu re   were   wh i t e  o r  had  only a s l i g h t  

p ink   hue .   In   t he   doped   s amples   t he   p ink   co lo r   appea red   a t  a  much lower 

t e m p e r a t u r e ,   b u t   p r o v e d   t o   b e   o n l y  a s u r f a c e  phenomenon f o r   a l l .   f i r i n g  

t empera tu res   s ince   t he   p ink   su r f ace   cou ld   be   g round   o f f   l eav ing  a w h i t e  

sample. 

0 

The physical   d imensions  of   the   samples   were  measured  with a micron- 

e t e r  and t h e  drum d i a l  of  t h e   d i e l e c t r i c   s a m p l e   h o l d e r   a s   e x p l a i n e d  

l a t e r .  They were  then  weighed  using a Met t l e r   ba l ance   and   t he   dens i ty  

of   each  sample was c a l c u l a t e d .   T y p i c a l   e x a m p l e s   a r e   t a b u l a t e d   i n  

Chapter  111. 
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II 111111 II I 

CHAPTER 111 

I. m .  

CAPACITANCE  MEASUREMENTS 

Measurement  Equipment  and  Procedures 

A l l  measurements  were made on a Type  1610-A General   Radio  Capaci-  

tance  Measuring  Assembly  of   which  the  fol lowing  components   were  used:  

a Type  716-C Capaci tance   Br idge ,   which  i s  a Schering  Bridge  capab1.e  

o f   m e a s u r i n g   c a p a c i t a n c e s   a t   f r e q u e n c i e s   f r o m   3 0   c y c l e s   t o   3 0 0  KC, a 

Type  1302-A O s c i l l a t o r   w h i c h   h a s  a f r e q u e n c y   r a n g e   f r o m   1 0   c y c l e s   t o  

100 KC, a Type  1231-B Ampl i f ie r   and   Nul l   Detec tor   which   uses  a Type 

1231-B  Power Supply,  and a Type  1231-sP5 F i l t e r   w h i c h   p r o v i . d e s   3 0   t o  45 

db d i s c r i m i n a t i o n   a g a i n s t   n o i s e .   S i n c e   t h i s   a s s e m b l y  and a l l   i n s t r u c -  

t i o n s   f o r   u s e   a r e   c o m m e r c i a l l y   a c c e s s i b l e ,  no more w i l l  be   s a id   abou t  

c i r c u i t r y   e x c e p t   t h a t   a n   o s c i l l o s c o p e  was u s e d   i n   p l a c e   o f   t h e   N u l l  

D e t e c t o r .  The  most impor t an t   add i t iona l   i n s t rumen t   needed   fo r   measu re -  

ment o f   s m a l l   c a p a c i t a n c e s  was t h e   D i e l e c t r i c  Sample  Holder. 

A Type  1690-A D i e l e c t r i c  Sample  Holder was u s e d   f o r   a l l  o f  t h e  

capac i tance   measurements   on   the   b r idge   and   as  a dev ice   t o   measu re   t he  

p h y s i c a l   t h i c k n e s s  o f  the   samples .   For   the   capac i tance   measurements  

t h e  Sample  Holder was p laced ,   us i .ng  a Type  1690-PL  Adaptor, a t   t h e  

unknown s u b s t i t u t i o n a l   t e r m i n a l s   o f   t h e  71.6-C Capacitance  Bri .dge  and 

a v a r i a b l e   a i r   c a p a c i t o r  was u s e d   a t   t h e  unknown d i . r ec t   t e rmi .na l s  as 

a s t a n d a r d .  The measurements   of   the   sample  thi .ckness   were made u s i n g  

t h e   c a l i b r a t e d  drum  which   ad jus t s   the   e lec t rode   spac ing .   S i .nce  
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e q u a t i o n s   n o t   d e r i v e d   i n   t h e   i n s t r u c t i o n  manual  were  used, a b r i e f   o u t -  

l i n e   o f   t h e s e   d e r i v a t i o n s  and the   p rocedure   o f   ope ra t ion  w i l l  be   given.  

The e l e c t r o d e   s p a c i n g  i s  a d j u s t e d   t o   t h e   t h i c k n e s s   o f   t h e   s a m p l e  t 

and t h e   b r i d g e  i s  ba lanced   wi th   the   empty   Sample   Holder   a t   the  unknown 

s u b s t i t u t i o n a l   t e r m i n a l s .   ( N o t e :   t h e   v a r i a b l e   a i r   c a p a c i . t o r  must be 

s e t  a t  l e a s t  100  pf l a rge r   t han   t he   s ample   t o   be   measu red . )   Th i s   r ead -  

i n g  C cor responds   to   the   capac i tance   o f   the   l eads   and   sample   ho lder  C 

p l u s   t h e   a i r   c a p a c i t a n c e  C Next ,   the   sample i s  c e n t e r e d   i n   t h e  Sample 

Holder   and   the   b r idge   reba lanced .  The new read ing  C co r re sponds   t o  

t h e   c a p a c i t a n c e  of  the  leads  and  sample  holder  C p l u s  t h e   c a p a c i t a n c e  

of t h e   a i r  C p lus   t he   capac i t ance   o f   t he   s ample  C . The d i f f e r e n c e  

C2 - C equa l s  A C  = C + Cx - C a t  o r  C = A C  + Cat - Ca. B u t  Ca = 

C a t ( l  - Ax/A) where A i s  a r e a  of  the  sample  and A i s  a r e a  of  t he  Sample 

H o l d e r   e l e c t r o d e s .   T h e r e f o r e  

1 0 

a t ’  

2 

0 

a X 

1 a X 

X 

C = A C  + Cat(Ax/A). 
X 

I f   t h e   s a m p l e s   a r e   t r e a t e d   a s   p a r a l l e l   p l a t e   c a p a c i t o r s ,   t h e i r   c a p a c - .  

i t a n c e  C c a n   b e   w r i t t e n   i n   t e r m s   o f   t h e i r   g e o m e t r y   a s  C = KC A / t  

where K i s  t h e   d i e l e c t r i c   c o n s t a n t ,  E i s  t h e   p e r m i . t t i v i t y  o f  f r e e  

space ,  A i s  t h e   a r e a ,  and t i s  t h e   t h i c k n e s s .   M u l t i p l y i n g   b y  AIA 

g i v e s  C = (KC A/ t ) (Ax/A)   o r  Cx = KCat(Ax/Aj.  Pdtti.ng  thi.s  back i n  

e q u a t i o n   ( 1 )   l e a d s   t o  KC ( A  /A) = A C  + Cat(Ax/A) o r ,   f i . n a l l y ,  

X X o x  

0 

X 

X 0 

a t ’  x 

The va lue   o f  C i s  d i r e c t l y   c a l c u l a b l e   f o r  any  Sample  Holder e l e c t r o d e  

spac ing .  This i s  t h e   e q u a t i o n   u s e d   f o r   c a l c u l a t i n g   d i e 1 e c t r i . c   c o n s t a n t s  

a t  

I 

from  the  measurements.  
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The b r i d g e   a l s o   m e a s u r e s   t h e  loss  t a n g e n t   o f   t h e   p a r t i c u l a r   s a m p l e ,  

a l lowing  i t s  r e s i s t a n c e   o r   r e s i s t i v i t y   t o   b e   c a l c u l a t e d .  The l o s s  

t a n g e n t ,   o r   d i s s i p a t i o n   f a c t o r  D, f o r  a p a r a l l e l  RC c i . r c u i t  i.s e q u a l   t o  

l/W R where u) i s  the   angu la r   measu r ing   f r equency ,  C i s  the  unknown 

c a p a c i t a n c e  as c a l c u l a t e d  by   equa t ion  (l), and R i s  t h e  unknown r e s i s t -  

ance .   Rea r rang ing   t he   expres s ion   and   pu t t i . ng  R and C i n   t e r m s   o f  p, 

K, a n d   g e o m e t r i c a l   q u a n t i t i e s ,   g i v e s  

x x  X 

X 

X X 

This i s  t h e   e q u a t i o n   u s e d   f o r   c a l c u l a t i n g   t h e   r e s i s t i . v i t y   o f   t h e   s a m p l e s  

f rom  the  measurements ,  

The f o l l o w i n g   t a b l e  l i s t s  the   phys ica l   d imens ions   and   composf t ion  

of  two r ep resen ta t ive   spec imens   u sed   i n   capac i t ance   measu remen t s .  

TABLE I 

SAMPLE  DIMENSIONS AND COMPOSITION 

Sample Composition Thickness  Area Dens i. t y  
No. (by   weight )  (mm> 2 (gm/cc 1 (cm 1 -""" 

2 Fisher   Reagent  
Grade SnO 2.17  1.18  4,55 

2 

8 0.7% ZnO 
99.3%  Sn02 1.53 0.957 6.48 

R e s u l t s  

When making  s tandard A C  br idge  measurements  of  di .e lectr i ' .c   samples  

i t  i s  cus tomary   t o   cha rac t e r i ze   t he   spec imen .   i n   t e rms  of an   equi .va len t  

c i r c u i t   a s  shown i n   F i g u r e  3a  where C r e p r e s e n t s   t h e   c a p a c i t a n c e   a n d  R 
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t h e   l e a k a g e .   M e a s u r i n g   t h i s   c a p a c i t a n c e   a n d   r e s i s t a n c e   a s  a f u n c t i o n  

o f   t h e   f r e q u e n c y   o f   t h e   a p p l i e d   f i e l d  and e l m i n a t i n g   g e o m e t r i c a l   f a c t o r s  

a s  shown i n   t h e   p r e v i o u s   s e c t i o n   l e a d s   t o   v a l u e s   f o r   t h e   d i . e l e c t r i c  

c o n s t a n t  and r e s i s t i v i t y   w h i c h   a r e  shown p l o t t e d   a s  a func t i . on   o f   f r e -  

quency i n  F i g u r e s  4 and 5 f o r  two r ep resen ta t ive   ce ramic   spec imens .  

When measurements  were made on a s i n g l e   c r y s t a l  grown i n   t h e   l a b ,  how- 

ever,  t h e r e  was no d i s p e r s i o n   o f   t h e   d i e l e c t r i c   c o n s t a n t  and a reduced 

d i s p e r s i o n  i n  t h e   r e s i s t i v i t y   s u g g e s t i n g   t h a t   a t   l e a s t   p a r t   o f   t h e  

u s u a l   d i s p e r s i o n   o b s e r v e d   i n   c e r a m i c s  may b e   d u e   t o   t h e i . r   g r a n u l a r  

s t r u c t u r e   a s   o p p o s e d   t o   t h e   r e g u l a r   c r y s t a l l i n e   s t r u c t u r e   o f   t h e   s i n g l e  

c r y s t a l .  

Looking a t  a ceramic   sample   as  a l a r g e  number o f  randomly   or ien ted  

m i c r o c r y s t a l s   f u s e d   t o g e t h e r ,  Koops ( 1 1 )   s u g g e s t e d   c h a r a c t e r i , z i n g   t h e  

s a m p l e   b y   t h e   u s e   o f   t h e   e q u i v a l e n t   c i r c u i t  shown i n   F i g u r e  3b where R 

R 2 ,  C1, and C a r e   c o n s t a n t s .  The m e r i t   o f   t h i s   c i r c u i t  l i e s  i n   t h e  

f a c t   t h a t   o n e   m i g h t   b e   a b l e   t o   q u a l i t a t i v e l y  lump a l l   t h e   g r a i . n   b o u n d a r y  

1' 

2 

p r o p e r t i e s   i n t o   t h e   t o p   p a r a l l e l  RC c i r c u i t  and a l l  o f  t h e   b u l k   p r o p e r -  

t i e s   o f   t h e   g r a i n s   i n t o   t h e   l o w e r   c i r c u i . t   t h e r e b y   g i v i n g   t h e s e   f o u r  

c o n s t a n t s  some physical   meaning.  

S e t t i n g   t h e   c i r c u i t  shown  i.n F i g u r e  3b e q u i v a l e n t   t o   t h e   c i r c u i t  

shown in   F igure   3a ,   one   ob ta i .ns   express i .ons   for   the   measured  R and C 

i n  terms o f   t h e   f o u r   c o n s t a n t s   a n d   t h e   f r e q u e n c y   a s  shown  below: 



C 

Figure 3 .  Equivalent  representative  circuits  for a 
dielectric  sample 
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where 7 = R1R2(C1 + C2) / (R1  + R ), T~ = RIC,  T 2  = R2C2,  and u) i s  t h e  

a n g u l a r   m e a s u r i n g   f r e q u e n c y .   I f   t h i s   f o u r - c o n s t a n t   c i r c u i t  i s  t o   b e  

2 

e q u i v a l e n t   t o   t h a t   o f   F i g u r e   3 a ,   t h e n   a l g e b r a i c   m a n i p u l a t i o n   o f   e q u a t i o n s  

( 4 )  and (5) shows t h a t   t h e   r a t i o  {R(wl)C(wl) - R(U2)C(w2)}/{R(wl)-R(w2)} 
must  be a c o n s t a n t  f o r  a l l   f r e q u e n c y   v a l u e s .   H e r e  R(W1) and C(w,) 

d e n o t e   t h e   e x p e r i m e n t a l   v a l u e   o f  R and C e v a l u a t e d   a t   f r e q u e n c y  (W,) 

f rom  F igu res  4 and 5,  e t c .  From t h e   e x p e r i m e n t a l   d a t a  i t  was f o u n d   f o r  

t h e s e   p a r t i c u l a r   c e r a m i c   s a m p l e s   t h a t   t h e   a b o v e   r a t i o   d e v i a t e d   a t   m o s t  

b y   1 5 %   o v e r   t h e   m e a s u r e d   f r e q u e n c y   r a n g e   i c d i c a t i n g   t h a t   c i r c u i t  3b 

p r o v i d e s  a r e a s o n a b l e ,   a l t h o u g h   n o t   e x a c t ,   e q u i v a l e n c e   t o   t h e   e x p e r i m e n t a l  

r e s u l t s .  

It i s  e v i d e n t   t h a t  more c o m p l i c a t e d   e q u i v a l e n t   c i . r c u i t s   c o u l d   p r o -  

vide  an  improved f i t   s i n c e   t h e  number of a d j u s t a b l e   p a r a m e t e r s  would  be 

i n c r e a s e d .  A t  t h e   p r e s e n t   s t a g e   o f   t h e   s t u d y ,   h o w e v e r ,  i t  i s  f e l t   t h a t  

no u s e f u l   p u r p o s e   w o u l d   b e   s e r v e d   b y   i n c r e a s i n g   t h e   e q u i v a l e n t   c i r c u i t  

c o m p l e x i t y   s i n c e   t h i s  would   t end   on ly   to  make t h e   p h y s i c a l   i . n t e r p r e t a t i . o n  

o f  t h e   i n d i v i d u a l   p a r a m e t e r s   i n c r e a s i n g l y   o b s c u r e .  



CHAPTER I V  

CONDUCTANCE MEASUREMENTS 

When per forming   conductance   measurements   on   insu la tors ,   one   mus t  

b e   c a r e f u l   i n   d e s i g n i n g   c i r c u i t s  and sample h o l d e r s   i n   o r d e r   t o   m i n i -  

mize   sys tem  leakage   and   the   background  no ise   l eve l .  The pa r t i cu la r  set  

o f  m e a s u r e m e n t s   d e s c r i b e d   i n   t h i s   s e c t i o n  was made us ing   an   e l ec t rom-  

e ter  c i r c u i t  and a sample  holder   designed  by  Houston  (12) .  The r e f e r -  

e n c e   c i t e d   p r e s e n t s  a thorough  d i scuss ion   of   these   p roblems  and   g ives  

t h e  d e t a i l s  o f   a p p r o p r i a t e   e x p e r i m e n t a l   t e c h n i q u e s .  

Dark  Conductance 

The f i r s t  measurements made on   the   ceramic   samples  were t o  d e t e r -  

mine the   da rk   conduc tance   dependence   on   t empera tu re   and   t he   r e su l t s   a r e  

expressed  i n  terms of s a m p l e   c u r r e n t  i f o r   a n   i m p r e s s e d   v o l t a g e   o f   9 0  

v o l t s ,   F i g u r e  6 shows a p l o t   o f   l o g  iD v e r s u s  10 / T   f o r  a pure  sample 

of d e n s i t y  4 . 4  gm/cc t h a t  was " f ixed"   t he rma l ly   by   hea t ing  i t  a t  100' C 

in a i r  f o r  4 t o  5 hours .  A c a l c u l a t i o n   o f  an " a c t i v a t i o n   e n e r g y ' '  

as d e f i n e d   b y   t h e   e q u a t i o n  iD = c o n s t  e - 'Ea'2kT),  gave a va lue   o f  

1.58 ev. It s h o u l d   b e   n o t e d   i n   p a s s i n g   t h a t   e q u i v a l e n t   m e a s u r e m e n t s  

made on a p i n k   s a m p l e   o r i g i n a l l y   f i r e d   t o  a h ighe r   t empera tu re   gave   an  

E of  1.1 ev .   F igu re  7 shows  a p l o t   o f   l o g  i ver sus   10  / T  measured i n  

a rough pump vacuum f o r  a doped  sample (0.7% ZnO impur i ty   by   we igh t )   o f  

dens i ty   o f   6 .2   gm/cc .  The a s s o c i a t e d  Ea was  0.92  ev.  Before  proceeding 

D 
3 

Ea 

3 
a D 
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F i g u r e  7. D a r k   c o n d u c t i v i t y  as a f u n c t i o n  of r e c i p r o c a l   t e m p e r a -  
t u r e  f o r  a doped  sample 



t o  a d i s c u s s i o n  of t h e   r e s u l t s  of photoconductance  measurements ,  i t  

s h o u l d   b e   s t a t e d   t h a t   s i l v e r   p a i n t *   c o n t a c t s   w e r e   u s e d   a n d  were as-  

sumed t o   b e  ohmic i n   b o t h   t h e   d a r k   c o n d u c t a n c e  and  photoconductance 

measurements. As shown i n   F i g u r e  8, t h i s   a s s u m p t i o n   a p p e a r s   t o   b e  

v a l i d .  

Photoconductance 

When one i s  i n v e s t i g a t i n g   i m p u r i t y   l e v e l s   i n  a semiconductor   o r  

i n s u l a t o r  by  photoconductance  techniques,  a u se fu l   f r amework   fo r   t he  

s t u d y  of d i f f e r e n t   i m p u r i t y   p a r a m e t e r s  i s  provided  by a p h o t o e l e c t r o n i c  

a n a l y s i s .  A c o m p l e t e   a n a l y s i s  was n o t   p e r f o r m e d   i n   t h i s   p r e l i m i n a r y  

s t u d y ,   b u t   t h e   f o l l o w i n g   p a r a g r a p h s   d e s c r i b e   t h e   r e s u l t s   o f  a p a r t i a l  

a n a l y s i s  . 
Spec t r a l   Response  

S p e c t r a l   r e s p o n s e   g i v e s   t h e   d e p e n d e n c e   o f   p h o t o c u r r e n t   o n   e x c i t i n g  

w a v e l e n g t h .   O n l y   t h e   v i s i b l e   a n d   n e a r   u l t r a v i o l e t   r e g i o n s   w e r e   i n -  

spected  and a photoresponse  peak was obse rved   a t   app rox ima te ly  300 +. 
U s i n g   t h i s   t o   e s t i m a t e   a n   i n t r i n s i c  band   gap   leads   to  a va lue  of approxi -  

m a t e l y   4 . 0   e v ,   i n   e x c e l l e n t   a g r e e m e n t   w i t h   t h a t   o b t a i n e d   f r o m  grown 

sample  measurements  (12).  

Photodecay 

A t y p i c a l   p l o t   o f   p h o t o d e c a y   a s  a f u n c t i o n   o f   t i m e   f o r  a pure  

SnO ceramic  i s  shown i n   F i g u r e  9. This  was done   bo th   a t   a tmosphe r i c  

p r e s s u r e  and i n  a rough pump vacuum,  and t h e   d i f f e r e n c e s   a r e   q u i t e  

similar t o   t h o s e   o b s e r v e d   f o r   p h o t o d e c a y s  o f  n a t u r a l   c r y s t a l s   u n d e r  

2 

* 
The s i l v e r   p a i n t  was e l e c t r o n i c   g r a d e  4817 d i s t r i b u t e d  by  DuPont. 
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s i m i l a r   c o n d i t i o n s   ( 1 3 ) ,   i . e . ,  a l o w e r   c u r r e n t   a n d   f a s t e r   d e c a y  i n  

a i r   t h a n   i n   t h e   r o u g h  pump vacuum. Measuremen t s   o f   t h i s   t ype   were   a l so  

made on ZnO-doped ce ramics   and   t he   qua l i t a t ive   r e su l t s   were   t he   s ame ,  

The rma l ly   S t imula t ed   Cur ren t s  

The t echn ique   o f   t he rma l ly   s t imu la t ed   cu r ren t   measu remen t s  i s  b e s t  

desc r ibed  by the   fo l lowing   ou t l i ne   o f   p rocedure :  

( a )  Take t h e   s a m p l e   t o  a  low t e m p e r a t u r e   i n   t h e   d a r k   ( i n   t h i s  

c a s e ,  -180' c ) .  

( b )   E x c i t e   t h e   s a m p l e   w i t h   i n t r i n s i c   r a d i a t i o n   u n t i l   s a t u r a t e d  

a n d   a l l o w   t o   d e c a y   i n   t h e   d a r k .  

( c )   S lowly   hea t   t he   spec imen  and r e c o r d   t h e   c u r r e n t   i n   t h e   s a m p l e  

c i r c u i t   a s  a f u n c t i o n   o f   t h e   t e m p e r a t u r e   ( n o t e   t h e   t e m p e r a t u r e  

r i s e   o f   t h e   s a m p l e   s h o u l d   b e   l i n e a r   i n   o r d e r   t o   p e r f o r m   c a l c u -  

l a t i o n s   f r o m   t h i s   d a t a ) .  

( d )   P l o t   t h e   d a t a   a s  i versus   t empera ture   where  i i s  t h e  
TS C 

cu r ren t   r eco rded   minus   t he   da rk   cu r ren t .  

TS C 

F igu re  10 shows t h e   g r a p h i c   r e s u l t s   f o r  a  ZnO-doped sample  using 

th i s   t ype   o f   p rocedure .  The phenomenologica l   reason   for   the   observed  

peak i s  a s   f o l l o w s :   t h e   e f f e c t   o f   ( a )  and (b)  above i s  t o   t r a p  a  non-. 

e q u i l i b r i u m   d e n s i t y   o f   c a r r i e r s   i n   o n e   o r  more d i s c r e t e   e n e r g y   l e v e l s  

a t   t h e  low t empera tu re   and   a s   t he   t empera tu re   r i s e s ,   t hese   l eve l s  empty., 

a l l o w i n g   t h e   c a r r i e r s   t o   e n t e r   t h e   c o n d u c t i o n   p r o c e s s .   T h i s  means t h a t  

each TSC peak   shou ld   be   i n  some way i n d i c a t i v e   o f   a n   i n d i v i . d u a 1   t r a p -  

p ing   l eve l   empt i ed .  A wide ly   u sed   me thod   fo r   de t e rmin ing   t h i s   t r app i .ng  

a c t i v a t i o n   e n e r g y  i s  B u b e ' s   ( 1 4 )   s t e a d y - s t a t e   F e r m i   l e v e l   c a l . c u l a t i o n  

which  assumes  that  a t  the  TSC p e a k   t h e   s t e a d y - s t a t e  Fermi. l e v e l   c o i n . .  

c i d e s   i n   e n e r g y   w i t h   t h e   t r a p p i n g   s t a t e .   I f   o n e  makes these  assumpti .ons,  
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t h e   e x p r e s s i o n   f o r   t h e   a c t i v a t i o n   e n e r g y  becomes 

where T and D(T ) a r e   r e s p e c t i v e l y   t h e   t e m p e r a t u r e  and   conduc t iv i ty  

a t   t h e  TSC peak, e i s  t h e   e l e c t r o n i c   c h a r g e ,  k i s  Bo l t zmann ' s   cons t an t ,  

~1 i s  the   mob i l i t y ,   and  Nc i s  t h e   d e n s i t y   o f   s t a t e s   i n   t h e   c o n d u c t i o n  

band.  Assuming a v a l u e   o f  N = 10  /cc   and p = 10 cm / v o l t - , s e c ,  a 

c a l c u l a t i o n   u s i n g   t h e   d a t a   i n   F i g u r e  10 g i v e s   a n   a c t i v a t i o n   e n e r g y  of 

0.38 ev .   Al though  th i s   method  of   ca lcu la t ing  i s  open   to   ques t i .on ,  i t  

i s  no t   t he   pu rpose   o f   t he   p re sen t   work   t o   eva lua te   t he   magn i , t udes  

ob ta ined   bu t   r a the r   t o   s eek   compar i sons   be tween   s amples .  

m m 

19 2 
C 

When t h e s e  same measurements  were made on a p u r e   s a m p l e ,   t h i s  low 

tempera ture   peak  was found  to   be  a f u n c t i o n   o f   o x y g e n   p r e s s u r e   a s  shown 

i n   F i g u r e  11. Al though  the  two peaks shown i n   t h i s   F i g u r e   a r e   t h r e e  

o r d e r s  of  m a g n i t u d e   a p a r t   i n   c o n d u c t i v i t y   a n d  40 d e g r e e s   a p a r t   i n  

t empera tu re ,  a c a l c u l a t i o n   u s i n g   e q u a t i o n  6 g i v e s  a v a l u e  of 0.50 ev 

f o r   t h e   h i g h   p e a k  and 0.54 e v   f o r   t h e  low  peak.   Another   calculat ion 

o f  Et  t aken   f rom  da ta   on   another   pure   sample   g ives  a v a l u e  o f  0.48 ev. 

These   resu l t s   summar ized   then  seem t o   s a y   t h a t   f o r   p u r e  SnO t h e r e  

e x i s t s  a TSC peak   which   has   an   average   ac t iva t ion   energy   va lue   o f  0.51 

ev   and   wh ich   va r i e s   i n   shape   and   pos i t i on   w i th   oxygen   p re s su re .   A l though  

t h e   i m p l i c a t i o n s   o f   t h i s   m e a s u r e m e n t   a r e   n o t   f u l l y   a p p r e c i . a t e d   a s   y e t ,  

i t  i s  f e l t  i t  w i l l  p rov ide  a s t a r t i n g   p o i n t   f o r   c o n s i d e r i n g   t h e   e f f e c t  

of su r f ace   t r ea tmen t   and   ambien t   gas   p re s su re   on   t r app ing   and /o r   r ecom-  

b i n a t i o n   p r o c e s s e s .  

2 
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Thermal  Quenching 

The term the rma l   quench ing   desc r ibes  a p r o c e s s   i n   w h i c h   a n   e n e r g y  

Level swi t ches   f rom a t rap  t o  a r e c o m b i n a t i o n   c e n t e r   a t  a p a r t i c u l a r  

temperature .  The phenomeno log ica l   p i c tu re  was proposed  by  Rose  and 

s i n c e   n o   c a l c u l a t i o n s  were made f r o m   t h i s   d a t a  i t  w i l l  s u f f i c e   t o   s i m p l y  

p o i n t   o u t   t h a t  a q u a n t i t a t i v e   d e s c r i p t i o n  of  t h e  phenomenon i.s found  i.n 

Bube ( 1 4 ) .   F i g u r e   1 2   g i v e s   t h e   e x p e r i m e n t a l   r e s u l t s  o f  two measurements 

of   peak   photocurren t   versus   t empera ture   and   shows  tha t   thermal   quench-  

i n g   d e f i n i t e l y   e x i s t s   f o r   t h e  doped  samples  but i s  n o t   o b s e r v a b l e   i n  

p u r e   s a m p l e s   o v e r   t h e   t e m p e r a t u r e   r a n g e   i n v e s t i g a t e d .  It i.s i n v i t i n g  

t o   s p e c u l a t e   t h a t   t h e   p r e s e n c e   o f   z i n c   i n   t h e   d o p e   s p e c i m e n s   i n t r o d u c e s  

compensa ted   acceptor   l eve ls   which   sens i t ize   the   photoconduct i .on   p rocess  

a t  low t e m p e r a t u r e s .   F u r t h e r   s t u d y   u s i n g   o t h e r   d o p a n t s  i s  a n t i . c i p a t e d .  
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F i g u r e  12. Cont inuous  thermal quenching  



CHAPTER V 

CONCLUSIONS AND SUGGESTIONS  FOR  FURTHER STUDY 

A s  emphasized i n   t h e   i n t r o d u c t i o n ,  a p r i m a r y   p u r p o s e   o f   t h i s   i n v e s t i - -  

g a t i o n  was t o   i d e n t i f y  and  s tudy some exper imenta l   t echniques   which   would  

a p p e a r   p a r t i c u l a r l y   p r o m i s i n g   f o r   p r o v i d i n g   b a s i c   m a t e r i a l   p a r a m e t e r s  

t h rough   t he   i n t e rp re t a t ion   o f   measu remen t s   done  on c e r a m i c   ( r a t h e r   t h a n  

s i n g l e - c r y s t a l )  specimens. Although many o f   t h e   r e s u l t s   w e r e   o n l y   q u a l i -  

t a t i v e   i n   n a t u r e  i t  i s  f e l t   t h a t   t h e y   h a v e   e s t a b l i s h e d   s e v e r a l   a v e n u e s  

o f   f u t u r e   w o r k   w h i c h   c a n   b e   f o l l o w e d   w i t h   p r o f i t .   S p e c i f i c a l l y ,   t h i s  

i n v e s t i g a t i o n  w i l l  now b e   e x p a n d e d   t o   o b t a i n   q u a n t i t a t i v e   p h o t o e l e c t r o n i c  

a n a l y s i s   r e s u l t s  and t o   e x a m i n e   c e r t a i n   i n t e r e s t i n g   p r o b l e m s   i n v o l v e d  

i n  c e r a m i c   f a b r i c a t i o n .  The f o l l o w i n g  i s  a d i s c u s s i o n   o f  a few  of  these 

problems  and  of some o f   t h e   e x p e r i m e n t a l   r e s u l t s   d e s c r i . b e d   i n   t h e  body 

o f   t h e   r e p o r t .  

F i r i n g  and  Forming  Process 

Al though  forming   and   f i r ing  of  t h e   c e r a m i c s  seemed to   be   s imp ly  

a n   e x p e r i m e n t a l   e x e r c i s e   i n   f i n d i n g   p r o p e r   c o n d i t i o n s   f o r   o b t a i n i . n g  

mature  samples ,   these  measurements   suggested some fundamen ta l   ques t ions  

a b o u t   t h e   b a s i c   n a t u r e   o f   m a t e r i a l s   i n   c e r a m i c   f o r m .  Two o f   t h e  most 

o b v i o u s   a r e   ( a )  How d o e s   t h e   r e l a t i v e   d e n s i t y   o f  two s a m p l e s   a f f e c t  a 

p a r t i c u l a r   p a r a m e t e r   s u c h   a s   t h e   e l e c t r i c a l   c o n d u c t i v i t y   o r   t h e   d i e l e c -  

t r i c  cons t an t?   and   (b )  Why does   t he   i n t roduc t ion   o f   an   i .mpur i . t y   l i . ke  



ZnO i n c r e a s e   t h e   d e n s i f i c a t i o n   a n d   i n   w h a t  way i s  t h i s   i n c r e a s e   d e p e n d e n t  

o n   t h e  amount  and  kind of i m p u r i t y ?   P r e s e n t l y   s a m p l e s   c o n t a i n i n g  a small 

amount of CuO i m p u r i t y   a r e   b e i n g   f a b r i c a t e d   a s   t h e  f i rs t  s t e p  i n  a 

s y s t e m a t i c   s t u d y   o f   b o t h   o f   t h e s e   p r o b l e m s .  

A n o t h e r   i n t e r e s t i n g  phenomenon  was t h e   a p p e a r a n c e   o f   t h e  pi.nk c o l o r  

as   ment ioned  i n  Chapter  I. T h i s   c o l o r   c o u l d   p o s s i b l y   b e   a s s o c i a t e d   w i t h  

t h e   p r e s e n c e   o f   o x y g e n   v a c a n c i e s   i n   t h e   m i c r o c r y s t a l s   a l t h o u g h  more  work 

n e e d s   t o   b e   d o n e   t o   s u b s t a n t i a t e   t h i s   c o n t e n t i o n .  The c o l o r   a p p e a r s   a t  

x 1400 C i n   t h e   p u r e   s a m p l e ,  and i f   t h e r e  i s  t o   b e  no s i g n i f i c a n t   d e n s i f i -  

c a t i o n  till 1600 C ,  t h e n  i t  seems tha t   pu re   dense   s amples  w i l l  on ly   be  

o b t a i n e d   b y   s i n t e r i n g   i n   a n   o x y g e n - r i c h   a t m o s p h e r e .  

0 

0 

Micros t ruc ture   o f   Ceramics  

The mic ros t ruc tu re   o f   t hese   ce ramics   needs   fu r the r   s tudy .   A l though  

the   measu remen t s   r epor t ed   i n   Chap te r  111 d i d  show t h a t  a p l aus i . b l e   exp lan -  

a t i o n   f o r   t h e   o b s e r v e d   d i s p e r s i o n   o f   d i e l e c t r i c   c o n s t a n t  and r e s i s t i v i . t : y  

e x i s t s   i f   o n e   a s s u m e s  a model   of   fused  microcrystals ,   these  measurements  

a l o n e   c o u l d   n o t   g i v e   a n y   d e t a i l e d   p i c t u r e   o f   t h e i r   i n t r i . c a t e   m i c r o s t r u c . .  

t u r e .   I n   o r d e r   t o   c o n t i n u e   s t r u c t u r a l   s t u d i e s ,  i t  w i l l  b e   necessa ry   t o  

g o   t o   o t h e r   m e t h o d s   s u c h   a s   e l e c t r o n   m i c r o s c o p e   r e p l i c a   o r   o p t i . c a l   m i c r o -  

g raph   t echn iques .   Deve lopmen t   o f   t h i s   a r ea  w i l l  f u r t h e r   t h e   s y s t e m a t i c  

s t u d y   o f   s u c h   b a s i c   p r o b l e m s   i n   c e r a m i c s   a s   t h e   k i n e t i c s  of g ra in   g rowth  

and i t s  i m p o r t a n c e   t o   s o l i d - s t a t e   s i n t e r i . n g .  

Conductance  Propert ies   (Dark)  

I n   d i s c u s s i n g   a c t i v a t i o n   e n e r g i e s  (see equati .on 6 j  ob ta ined   f rom 

dark   cur ren t   measurements ,   one   mus t   be   carefu l   to   spec i . fy   the   thermal  



h i s to ry   o f   t he   s ample .   Kunk le ,*   work ing   on   a r t i f i c i . a l  SnO c r y s t a l s ,  

h a s   f o u n d   l a r g e   v a r i a t i o n s   i n   c a l c u l a t e d   e n e r g y   v a l u e s   d e p e n d i n g   o n   t h e  

t h e r m a l   h i s t o r y  and i s  a t t e m p t i n g   t o   c o r r e l a t e   t h e s e   v a r i . a t i . o n s   w i . t h  

s u r f a c e   p r o p e r t i e s   o f   t h e   c r y s t a l s .   S i n c e   c e r a m i c s   a r e   e s s e n t i a l l y  

f u s e d   m i c r o c r y s t a l s ,  i t  f o l l o w s   t h a t   o n e   m u s t   h e r e   t o o   s p e c i f y   t h e  p r e -  

m e a s u r e m e n t   c o n d i t i o n s .   U n t i l   t h i s   v a r i a t i o n  i s  b e t t e r   u n d e r s t o o d ,   v a l u e s  

f o  E a r e   q u o t e d   o n l y   f o r   c o m p a r i s o n   p u r p o s e s .   I n   g e n e r a l   t h e s e   a p p a r e n t  

a c t i v a t i o n   e n e r g i e s   d e c r e a s e   i n   m a g n i t u d e   t h r o u g h   t h e   s e q u e n c e   p u r e  

( w h i t e )  ---b pure  (pink)   -bzinc-doped  specimens.  It i s  n o t   p o s s i b l e  

a t   t h i s   s t a g e  o f  t h e   i n v e s t i g a t i o n   t o   s e p a r a t e   t h e   e f f e c t s   o f   i m p u r i t i e s ,  

s t o i c h i o m e t r y   d e v i a t i o n s ,   a n d   b u l k   d e n s i t y   d i f f e r e n c e s   w h i c h   m i g h t   a c -  

c o u n t   f o r   t h e s e   r e s u l t s .  

2 

a 

Conduc tance   P rope r t i e s   (L igh t )  

The s p e c t r a l   r e s p o n s e   d a t a   r e p o r t e d   i n   C h a p t e r  I\/ were  taken a t  

a tmospheric   pressure  and  room  temperature .   These  measurements   need  to  

b e   e x p a n d e d   t o   s e e   i f   t h e r e  i s  a n y   s i g n i f i c a n t   d e p e n d e n c e   o n   t e m p e r a t u r e  

of   oxygen  pressure.  

As s t a t e d   b e f o r e ,   p h o t o d e c a y   d a t a   d o   d e f i n f t e l y  show an  oxygen  pres- 

s u r e   d e p e n d e n c e .   P r e l i m i n a r y   a n a l y s i s   i n d i c a t e s  a logari .   thmic  decay 

p rocess   o f  a modi.fi.ed E l o v i c h   t y p e   a n d   f u t u r e   s t u d i e s  wi.11 a t t e m p t  t o  

e s t a b l i s h  a f i rm  re la t i .on   be tween  photoconduct i ,v i . ty   and   cheml i , sorp t i .on  

k i n e t i c s .  

The thermal ly   s t imula ted   cur ren t   da ta   were   the   mos t   d ramat i .c  and 

the   mos t   i n t e re s t ing .   Here   one   cou ld   s ee   peaks   emerg ing  two and t h r e e  

orders   o f   magni tude   f rom  the   dark   conduct i .v i ty ,  someti.me r i s i . n g  and 

* 
H. Kunk le ,   unpub l i shed   r e su l t s .  



f a l l i n g   i n  less t h a n  15' C. Two a v e n u e s   f o r   f u r t h e r   s t u d y  would seen  

p a r t i c u l a r l y   f r u i t f u l .   U s i n g   t h e   a p p r o a c h   o f   G a r l i c k  and  Gibson  (15) 

b a s e d   o n   t h e   f a c t   t h a t   t h e r m a l l y   s t i m u l a t e d   c u r r e n t  r i s e s  e x p o n e n t i a l l y  

on   t he  low t empera tu re   app roach   t o  i t s  peak, i t  wou ld   be   poss ib l e   t o  

o b t a i n  more p r e c i s e   v a l u e s   f o r   t r a p p i n g   e n e r g i e s   b y   r e m o v i n g   t h e   n e c e s -  

s i t y   f o r   t a k i n g   g e o m e t r i c a l   f a c t o r s   i n t o   a c c o u n t  and fo r   a s suming   cha rge  

c a r r i e r   m o b i l i t y   v a l u e s .  To e l i m i n a t e   t h e   p o s s i b l e   o v e r l a p p i n g  of  peaks 

f r o m   s e v e r a l   t r a p p i n g   l e v e l s   t h o u g h ,  i t  may b e   n e c e s s a r y   t o   g o   t o   t h e  

decayed   modi f ica t ion   of   th i s   method  as   p roposed   by  Bube ( 1 6 ) .  Once 

t r a p p i n g   l e v e l   e n e r g i e s   h a v e   b e e n   d e f i n i t e l y   i d e n t i f i e d ,  i,t w i l l  t h e n  

b e   a t t e m p t e d   t o   p i n p o i n t   t h e i r   o r i g i n s  by s y s t e m a t i c a l l y   v a r y i n g   d o p i n g  

and   su r f ace   t r ea t emen t   p rocedures  and c o r r e l a t i n g   t h e s e   c h a n g e s   w i t h  

t h e r m a l l y   s t i m u l a t e d   c u r r e n t   r e s u l t s .  

Al though  there  were no numbers  computed  from  the  thermal  quenchi.ng 

d a t a ,   t h e y  showed v i v i d l y   t h e   s e n s i t i z a t i o n   o f   t h e   s a m p l e s   d u e   t o   t h e  

ZnO impur i ty .  The nex t  s t e p  w i l l  be t o   c h a n g e   t h e   l i g h t   i n t e n s i t y  and 

g e t  a f ami ly   o f   cu rves   f rom  wh ich   one   can   ca l cu la t e   ene rg ie s  o f  t h e  

s e n s i t i z i n g   c e n t e r s .  An e f f o r t  w i l l  be made t o   f i n d   o t h e r   d o p a n t s   w h i c h  

have a l a r g e   s e n s i t i z i n g   e f f e c t  and   ex tend   t he   s ens i , t i za t i . on   t empera tu re  

r ange .  
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